Simple measurements of physiologic function are useful objective measures of health status in populations and may also have prognostic implications for individuals (1) (2) (3) . Measures of limitation in lung function are among those physiologic measures that have been associated with decreased physical capacity, poorer health status, and reduced survival (4) (5) (6) (7) (8) (9) (10) . Because of its reproducibility and utility in diagnosing lung disease, spirometry has been the preferred test of lung function (11) . However, the forced expiratory maneuver required for accurate assessment of forced expiratory volume in 1 second (FEV 1 ) and forced vital capacity (FVC), the key metrics for diagnosis and disease classification per American Thoracic Society/European Respiratory Society criteria, can be difficult for elderly persons to perform correctly, especially if they are physically debilitated or have cognitive impairment (12) (13) (14) (15) .
Peak expiratory flow (PEF), though not as well validated as FEV 1 and FVC as a health status measure, can be a more practical physiologic measurement to obtain from elderly persons, especially in large surveys (16) . Percentage of predicted PEF has been shown to be a predictor of survival among older adults in highly selected populations (6, 17, 18) and in adults with diabetes (19) . Other investigators have also found significant correlations between percentage of predicted PEF and other measures of physical and cognitive function in the very elderly (20) . However, PEF has not been well-validated in large studies representative of middle-aged and older adults in the general population, and it is not known whether poor PEF is a predictor of health-care utilization. The purpose of this project was to examine how well PEF performs as a measure of current health status among adults over age 50 years, how it compares with other measures of physical impairment and conditions associated with poor health, and whether it remains an independent predictor of poor health and increased future health-care utilization after adjustment for comorbidity.
MATERIALS AND METHODS

Data sources
Data were de-identified secondary data from the Health and Retirement Study, a longitudinal panel study designed to explain the antecedents and consequences of retirement, with biennial surveys initiated in 1992. The study is sponsored by the National Institute on Aging and conducted by investigators at the University of Michigan. It consists of biennial surveys of US adults over age 50 years. Over the course of the study, data have been collected on demographic characteristics (age, sex, ethnicity, and race), selfreported physical health and functioning, and depression. Physical measurements were taken for a small subsample of survey respondents in 2004. In 2006 this effort was expanded; physical measurements were taken for one-half of the full survey sample in 2006, and the other half in 2008. Among the physical measures were height (in inches), weight (in pounds), and a PEF lung function test. The PEF test consisted of 3 PEF measurements taken 30 seconds apart using a Mini-Wright peak flow meter (Clement Clarke International Ltd., Harlow, United Kingdom). The maximum value from the 3 measurements was used as the respondent's PEF.
The survey is described in detail on the Health and Retirement Study website (21) , and a summary of measures used in our study is available as a Web Appendix (http://aje. oxfordjournals.org/). Biennially, respondents have provided information on their status with regard to chronic conditions: high blood pressure, diabetes, cancer, heart disease, chronic obstructive pulmonary disease (COPD) (not including asthma), stroke, and arthritis. Depression among respondents has been assessed biennially using a validated instrument containing 8 items, where a higher score indicates a higher level of depressive symptoms (22) . Two functional measures have also been included: difficulty with mobility, strength, and fine motor skills (MSFMS) and Activities of Daily Living (ADLs) (23) . Briefly, MSFMS comprise 12 physical activities such as jogging, walking several blocks, stooping, picking up a dime, and extending one's arms; ADLs comprise 6 daily functions such as walking, eating, and getting into/out of bed. Each measure is constructed as a sum of item responses; MSFMS scores range from 0 to 12 and ADL scores from 0 to 6, with higher scores indicating greater functional limitations. As part of the biennial survey, respondents have also been questioned on their utilization of health-care services in the prior 2 years: the number of visits to a physician, whether they have been hospitalized during the last 2 years, and, if so, how many times. Lastly, respondents less than 65 years of age have been asked to provide an estimate of their chances of living to age 75 years on a scale of 0-100, 0 being equivalent to no expectation that they would live that long and 100 to certainty that they would.
Predicted PEF model and statistical analyses
We developed a predicted PEF regression equation using a "normal" lung function population of survey respondents. In keeping with previous definitions (24, 25) , the regression development population consisted of respondents without a history of respiratory impairment-no history of smoking, no indication of COPD or use of asthma or respiratory medication, and no reports of frequent shortness of breath or coughing/wheezing. Separate regression models were constructed for men and women. PEF was regressed on respondent age (in 1-year increments), height (in inches), and race/ethnicity (being Hispanic or African-American) using a linear multiple regression model. Goodness of fit was assessed using the overall R 2 value. For each respondent, percentage of predicted PEF was calculated as actual PEF divided by the regression-predicted PEF.
Two methods were used to determine "low" PEF values. Our main analyses used a traditional fixed cutoff point of 80% of predicted PEF, with scores less than 80% of predicted PEF indicating low PEF values. In secondary analyses, the lower limit of normal (LLN), a relational method that bases the cutoff point on the lower 5th percentile of normal subjects, was calculated using regression parameter estimates less −1.645 × the standard error of the parameter estimate (26) . This is a statistically rigorous definition that accounts for the greater variability in lung function that may be seen among the very elderly (26) . All analyses were also stratified by COPD status ( persons with and without COPD) to verify that the associations between reduced PEF and the outcomes of interest were also valid in persons without known lung disease.
Associations between lower-than-normal PEF values and physical functioning difficulties and subjective prediction of survival were investigated in multiple logistic regression models for persons with physical measures obtained in 2006 and 2008. Data distributions for physical functioning difficulties were examined to determine cutoff points for dichotomizing difficulty with MSFMS and ADLs. As a binary outcome, difficulty with MSFMS and difficulty with ADLs were each regressed on low PEF status, adjusting for age (65-74, 75-84, or ≥85 years as compared with age 50-64 years), male sex, race/ethnicity (Hispanic, AfricanAmerican, or other as compared with non-Hispanic white), and self-reported morbidity. A subsample of respondents, those aged 60-65 years, was used to investigate the association between low PEF values and subjective probability of living to at least age 75 years by regressing low probability of survival (an estimate of <50% probability) on low PEF status, adjusting for male sex, race/ethnicity, and selfreported morbidity. A narrow range of ages was used to reduce confounding due to judgment adjustments that might occur with increasing age (27) .
Association between low PEF status in 2006 and use of health-care resources in the subsequent 2 years was investigated using the subset of participants for whom physical measures were obtained in the 2006 survey and who also provided survey responses in 2008 about health-care utilization in the previous 2 years. In separate multivariate regression models, having any hospitalization and having high outpatient utilization of health-care services (third quartile of physician visits or higher) were regressed on low PEF status, with adjustment for age, male sex, race/ethnicity, and self-reported morbidity.
Finally, the sampling design of the Health and Retirement Study included probabilities that vary across older cohorts and involved oversampling of African-American and Hispanic respondents. Recognizing these aspects of the Health and Retirement Study, we conducted sensitivity analyses incorporating survey strata, clusters, and observation weights for all statistical analyses. SAS statistical software, version 9.2 (SAS Institute Inc., Cary, North Carolina), was used to perform analyses. All P values are 2-sided.
RESULTS
For 2006 and 2008, we identified 13,129 survey respondents with information on PEF, age, and height. Of these persons, 7,498 (57.1%) had no history of respiratory impairment and were used to develop PEF predictive equations (the normal respiratory function group). There was no difference in mean age (69 years) between the two groups (P = 0.12). The normal respiratory function group was 43.1% male, as compared with 40.5% male in the impaired lung function group (P = 0.002). The mean actual PEF for women in the regression development population was 309.6 L/minute (95% confidence interval (CI): 306.9, 312.22); for men it was 464.4 L/minute (95% CI: 459.86, 468.86). Table 1 shows the predicted PEF regression equation parameter estimates for men and women. The percentage of variance explained, as measured by the R 2 statistic, was similar to that of other studies in which PEF regression models have been constructed (24, 28) . Applying our predictive equations to the entire study population and determining low PEF using our 2 methods, we found that 27.0% (n = 3,551) of the survey respondents had PEF values that were less than 80% of predicted values, and 9.4% (n = 1,236) had PEF values that were below the LLN cutpoint.
One would expect PEF values to be lower among persons with respiratory disease, and in this population the mean percentage of predicted PEF was 76.4% among respondents with COPD, as compared with 84.6% among respondents with a history of stroke, percentages in the lower 90s for heart disease and diabetes, and approximately 94% otherwise ( Table 2) . The demographic and self-reported clinical characteristics of participants with normal PEF and low PEF characterized using the fixed percentage cutoff of <80% are shown in Table 3 . Physical function limitations and health-care utilization are shown in Table 4 . Differences in utilization between the two groups were similar when LLN was used to determine reduced PEF status (results not shown).
Respondents with reduced PEF in this cohort were older (P < 0.001), but there was no difference in the percentages of men and women (P = 0.17). The prevalence of reduced PEF was relatively consistent within race/ethnicity categories. Respondents with reduced PEF were significantly more likely to have chronic illnesses, especially COPD, heart disease, and stroke; to have a high depression score; and to have a slightly lower BMI. As expected, persons with a reduced PEF had an increased incidence of respiratory symptoms and increased use of respiratory medication (Table 3) .
Physical functioning was more limited among participants with reduced PEF (Table 4 ). Higher MSFMS and ADL scores were both associated with reduced PEF (P < 0.001). A much larger percentage of persons with a PEF less than 80% of the predicted value than of persons with normal PEF values had difficulty with more than 3 MSFMS items (P < 0.001). There was less variation concerning ADLs: Only 13.2% of participants with normal PEF values reported difficulty with at least one ADL, and 23.5% of those with a PEF less than 80% of that predicted reported some difficulty. In both 2006 and 2008, respondents with reduced PEF were more likely to have a greater number of outpatient physician visits and to have been hospitalized within the last 2 years (Table 4) .
In a multiple logistic regression model adjusting for age, sex, race/ethnicity, and morbidity, respondents with a reduced PEF had 40% higher odds of having difficulty with any of the ADLs (odds ratio (OR) = 1.42, 95% CI: 1.27, 1.60). Greater difficulty with MSFMS was dichotomized in separate models as having difficulty with >3 items, difficulty with >4 items, and difficulty with >5 items. In each of the multiple logistic regression models, a peak flow rate less than 80% of that predicted was found to be an independent predictor of greater difficulty with MSFMS, with odds ratios being successively higher for each increasing level of discrimination. For difficulty with >3 items, the odds ratio was 1.69 (95% CI: 1.53, 1.86), and it compared favorably with other health status morbidity measures ( Figure 1 ). If >5 items was used as the cutpoint, the odds ratio increased to 1.82 (95% CI: 1.64, 2.02).
In 2006 and 2008, of the 1,568 respondents aged 60-65 years who were queried on the subjective probability of living to age 75 years, 20.9% reported a probability less than 50%. Among respondents with PEF less than 80% of that predicted, 32.4% reported an estimate of <50%, as compared with 17.8% among respondents with normal PEF (P < 0.001). In a multiple logistic regression model for an estimate of <50%, a peak flow rate less than 80% of that predicted was an independent predictor of a low survival estimate (OR = 1.69, 95% CI: 1.24, 2.30) (Figure 2 ).
Predictive models for health-care utilization were based on the 2006 survey respondents who provided information in 2008 on physician visits (n = 5,986) and hospitalizations (n = 6,389) between the 2006 and 2008 survey points. These participants were a subset of the 13,129 respondents used for the previous analyses. Among those with PEF less than 80% of that predicted, 34.5% reported any hospitalization, as compared with 23.8% with normal PEF (P < 0.001); for increased outpatient physician visits, percentages were 27.3% and 22.9%, respectively (P < 0.001). Low PEF proved to be an independent predictor of hospitalization (OR = 1.26, 95% CI: 1.10, 1.43) after adjustment for age, sex, race/ethnicity, and morbidity (Figure 3 ), but not for increased physician visits (OR = 1.05, 95% CI: 0.91, 1.21).
Regression models in which reduced PEF was determined using LLN results showed similarly greater odds ratios for reduced PEF. Since the LLN is a more restrictive assessment, persons identified as having reduced PEF had even lower levels of PEF, and odds ratios using LLN were always higher than those calculated using <80% predicted PEF. For example, the odds ratio for difficulty with >3 items using the LLN was 2.00 (95% CI: 1.73, 2.30) as compared with 1.69 (95% CI: 1.53, 1.86) using <80% predicted PEF. Persons with COPD comprised approximately 10% of the survey respondents. In stratified models where reduced PEF was determined either by <80% predicted PEF or by LLN, persons with COPD had higher odds ratios for each of the reviewed outcomes, but because of the low percentage of COPD respondents, the odds ratios for respondents without COPD were not appreciably changed. For example, overall, persons with reduced PEF (using <80% of predicted PEF) had greater odds of poor survival (OR = 1.69, 95% CI: 1.24, 2.30), and among respondents without COPD, the odds were still higher (OR = 1.65, 95% CI: 1.14, 2.40). Results for regression models using the survey strata, cluster, and weights produced results very similar to those of the models without the probability sampling information (data not shown).
DISCUSSION
Our analysis demonstrated that PEF is correlated with other standard measures of health status and, in adjusted regression models, is an independent factor associated with limitations in MSFMS and ADLs. Reduced PEF was evident in a variety of chronic illnesses, and its validity as a health status measure was confirmed not only among persons with a prior diagnosis of COPD but also among persons without chronic lung disease. In our study sample, reduced PEF predicted increased risk of hospitalization within the next 2 years and was associated with a lower self-estimated probability of living to age 75 years among persons aged 60-65 years.
There are several advantages to the use of PEF as a health status measure for elderly persons, as compared with other physiologic tests. Peak flow meters are inexpensive, readily available, and simple to use, and it is relatively easy to train staff and patients to perform the peak flow maneuver. Patients do not have to be able to walk or stand, or even be able to hold the meter, in order to engage in reproducible PEF efforts. Among Health and Retirement Study participants able to perform the PEF test who were aged 65 years or older, 10.5% were unable to engage in a timed walk, and among those with COPD, 15% could not engage in a timed walk.
Although the PEF measure lacks the diagnostic utility of the FVC and FEV 1 measures obtained by formal spirometry, it does not require the patient to exhale with maximum effort for at least 6 seconds-a difficult task for many elderly or debilitated patients. The PEF test also uses technically simpler and less expensive equipment, making it possible for PEF data to be captured efficiently from a broader range of older adult participants. In community surveys of older adults, the proportion of persons unable to perform spirometry has ranged from 12% to 17% (13, 29) . Fewer studies using PEF in older adults have been conducted, but the proportion of those unable to produce an acceptable PEF measurement has ranged from 0.5% to 10% (6, 28, 30) . Direct comparisons of PEF with FEV 1 as a health status measure are rare, but in a prospective study of patients with COPD, both parameters were independent predictors of survival, and PEF appeared to capture limitations in physical functioning missed by FEV 1 (31) .
We do not propose the PEF measure as a substitute for formal spirometry where diagnostic assessment of lung function is needed; but as a simple objective physiologic measure of health status in elderly and even middle-aged populations, PEF is more than suitable. Findings from our analyses support previous studies suggesting that PEF is a useful measure of health status in older adults. In a crosssectional survey of 3,812 persons aged 65 years or older, low PEF was associated with a history of stroke, angina, and tachycardia, as well as measures of functional ability and physical activity, cognition, and health self-assessment (32) . In a follow-up analysis, PEF was a predictor of 5-year mortality even after adjustment for these cofactors plus smoking history, age, and demographic factors (17) . In another cross-sectional survey of 1,354 persons aged 70-79 years, PEF was correlated with several physical measures, tests of cognitive performance, and urinary norepinephrine levels (20) . In a prospective study of 753 persons with a mean age of 78 years, PEF was a predictor of disability and death after adjustment for multiple confounders, including age, smoking, and chronic lung disease (6) . Our study added to previous work by studying PEF within a population that included persons who were still working (age >50 years), and to our knowledge, it is the first study to have demonstrated that low PEF is associated with an increased risk of hospitalization in the subsequent 2 years.
There are a few known and potential limitations of this study. Information on chronic illnesses and health-care utilization was obtained by respondent self-report, which can be inaccurate. Although the survey was designed to capture a representative sample of an older (age >50 years) US population, sampling biases are still likely and may have affected the results. We chose the cutoff value of 80% of predicted PEF in our main analyses largely on the basis of the traditional definition of "normal" for FEV 1 and FVC. However, we conducted secondary analyses using the statistically defined LLN, which generally corresponds to the lowest 5th percentile, and results did not substantially change.
We used a surrogate measure for mortality, individual assessment of mortality risk, but several studies have found that individuals' subjective assessments covary with risk factors and have a high predictive ability with regard to actual mortality (33, 34) . In our study, persons with reduced PEF values were slightly older than persons with normal PEF values; however, our analysis of the relation between reduced PEF and subjective mortality assessment included only participants aged 60-65 years, reducing bias due to age.
In summary, we conclude that PEF is a useful measure of physical functioning and health status in older adults with or without COPD and that it can be an independent predictor of increased health-care utilization. As this prospective cohort study evolves, we will be able to further examine relations between PEF and other clinical outcomes and how PEF complements other health status measures to provide a more thorough assessment of individuals and populations.
